ABSTRACT. The receptors for the Il-3/IL-5/GM-CSF cytokine family are composed of a heterodimeric complex of a cytokine-specific ␣ chain and a common ␤ chain (␤c). Binding of IL-3/IL-5/GM-CSF to their respective receptors rapidly induces activation of multiple intracellular signalling pathways, including the Ras-Raf-ERK, the JAK/STAT, the phosphatidylinositol 3-kinase PKB, and the JNK/SAPK and p38 signalling pathways. This review focuses on recent advancements in understanding how these different signalling pathways are activated by IL-3/IL-5/GM-CSF receptors, and how the individual pathways contribute to the pleiotropic effects of IL-3/IL-5/GM-CSF on their target cells, including proliferation, differentiation, survival, and effector functions. cell signal 10;9:619-628, 1998.
INTRODUCTION
gested that they might share the same receptor (component). Indeed, the molecular cloning of the IL-3/IL-5/GM-CSF reCytokines of the interleukin-3 (IL-3), IL-5 and granulocyte/ ceptors revealed the existence of a shared receptor subunit macrophage colony-stimulating factor (GM-CSF) family named the common ␤ chain (␤c). The IL-3/IL-5/GM-CSF reare important regulators of haematopoiesis through the ceptors are composed of a cytokine-specific ␣ chain (IL-3R␣, modulation of proliferation, differentiation and survival of IL-5R␣ and GM-CSFR␣) complexed to the ␤c receptor [2, various haematopoietic cell lineages and their precursors [4] [5] [6] . In mice, there are two ␤ chain genes, one of which [1] . Whereas IL-3 and GM-CSF act on various lineages such (␤c) functions similarly to the human ␤c, whereas the other as granulocytes, macrophages, erythrocytes, megakaryocytes (␤IL-3) dimerises only with the mIL-3R␣, providing the and early haematopoietic progenitors, the action of IL-5 in mouse with two different receptors for IL-3 [7] . Both the ␣ humans is restricted to the eosinophilic and basophilic linand the ␤c chains are members of the superfamily of cytoeage. In the past decade, numerous studies have contributed kine receptors, characterised by conserved structural feato the understanding of how these cytokines can regulate a tures such as four conserved cysteine residues in their extralarge number of distinct biological processes in multiple cell cellular domain and a typical WSXWS motif in the types. In particular, the cloning and mutational analysis of the receptors for IL-3/IL-5/GM-CSF have produced valuable juxtamembrane region [2] . The ␣ chains can bind their liinformation on the action of these cytokines. In this review, gands with low affinity, whereas the ␤c chain does not bind a concise overview will be given of recent advances in the unligand itself but, when complexed with an ␣ chain, forms a derstanding of IL-3/IL-5/GM-CSF receptor signalling.
high-affinity signalling-competent receptor [2, [4] [5] [6] . Although the ␤c chain plays a major role in signal transduction through these receptors, the cytoplasmic domains of A COMMON ␤ RECEPTOR the IL-3, IL-5 and GM-CSF receptor ␣ chains including CHAIN RESULTS IN REDUNDANCY conserved proline-rich domains have been implicated in IN IL-3/IL-5/GM-CSF SIGNALLING the regulation of proliferation and differentiation by these Although IL-3/IL-5/GM-CSF cytokines have distinct effects cytokines [8] [9] [10] [11] [12] [13] [14] [15] . The importance of the ␤c chain for IL-3/ on different target cells, they elicit similar responses in cells re-IL-5/GM-CSF function was also demonstrated by gene-tarsponsive to all three cytokines [1, 2] , and they even cross-comgeting studies. Eosinophil numbers were reduced in the ␤c pete for binding to the same cell [3] . These observations sugmutant mice, a phenomenon accompanied by the lack of an eosinophilic response to parasites, and IL-5 and GM-CSF normal, showing that IL-3 can also signal through receptors containing the ␤IL3 subunit [16, 17] , whereas knock-out studies of ␤IL-3 demonstrate that IL-3 can also signal through the ␤c-containing receptor [18] . In addition, deletion of ␤c leads to mice showing lung pathology consisting of lymphocytic infiltration and areas resembling alveolar proteinosis [16, 17] . Recent evidence suggests that a bona-fide receptor is composed of two ␤c molecules and one ␣ chain [19] . However, others have shown that at least two functional ␣ chains are necessary for a signalling-competent receptor [20] . In addition, the GM-CSF receptor (␣ ϩ ␤c) was recently demonstrated to exist in a pre-formed complex in unstimulated cells [21] . These studies clearly show that both ␣ and ␤c subunits are important for high-affinity ligand binding and receptor function. [22-32]. However, one of the major discoveries in cytokine signalling of the past 5 years was the elucidation of the JAK/ STAT signalling pathway [33] [34] [35] . Janus kinases (JAKs) are to a membrane proximal region of ␤c containing Box I (Fig. 2 ) a family of cytoplasmic tyrosine kinases that are associated [10, 12, [37] [38] [39] . Deletion of this region renders the ␤c chain with cytokine receptors and play a major role in cytokine unable to activate JAK2 [10] . However, the cytoplasmic resignalling. Upon ligand binding, the JAKs are activated by gion of the IL-3/IL-5/GM-CSF ␣-chain receptor also aptrans-phosphorylation of two receptor-bound JAK molepears to have a role in the activation of JAK2 [10, 12, 14, cules and subsequently phosphorylate a number of sub-15, 40]. When JAK2 is activated, it phosphorylates a numstrates including the cytokine receptor [33] [34] [35] . The phosber of tyrosine residues in the ␤c chain, including Y577, phorylated receptor then provides docking sites for a variety Y612, Y695 and Y750 [41] [42] [43] [44] . These sites then form dockof Src homology 2 (SH-2) domain-containing proteins, ining sites for STAT proteins [45, 46] . Although activation of cluding a novel family of cytoplasmic transcription factors, STAT1, STAT3 and STAT6 by IL-3/IL-5/GM-CSF receptermed STATs (signal transducers and activators of trantors can be observed, depending on the cell type studied, scription). STATs are then phosphorylated on a single tyro-STAT5 (A, B and truncated STAT5 proteins) seems to be sine residue by the JAKs, after which the STATs dimerise, mithe most predominant STAT activated by these receptors grate into the nucleus and regulate gene transcription (Fig. 1) .
(see Table 1 ). Although the signalling pathway seems rather simple, the After ␤c phosphorylation, STAT5 binds to one or more availability of four different JAKs (JAK1, JAK2, JAK3 and tyrosine residues through its SH2 domain [45, 46] and is phosTyk2) and at least eight different STATs (STAT1␣, phorylated by JAK2, after which it can dimerise, translocate STAT1␤, STAT2, STAT3, STAT3␤, STAT4, STAT5A, to the nucleus and regulate gene expression. Mutational analysis of the ␣ and ␤c chains of the IL-3/IL-5/GM-CSF STAT5B and STAT6), all with different DNA binding and trans-activation properties, allows cellular specificity in this receptors shows that JAK2 is essential for STAT activation [14, 15, [47] [48] [49] . Interestingly, a C-terminal deletion mutant signalling pathway.
Larner et al. [36] were the first to demonstrate that this of ␤c (␤c 541), which is still able to activate JAK2, fails to activate STAT5, showing that JAK2 activation is necessary pathway is involved in signalling by receptors for IL-3/IL-5/ GM-CSF. Since then, many studies have demonstrated the but not sufficient for STAT activation [49] . Moreover, mutation of four tyrosine residues, Y577, Y612, Y695 and Y750, involvement of different STATs and JAKs in IL-3/IL-5/ GM-CSF signalling (see Table 1 ). There is a general conof the ␤c receptor completely blocks IL-5 induced STAT5-mediated transcription, indicating that STAT5 docking to sensus that activation of IL-3/IL-5/GM-CSF receptors results in the rapid activation of JAK2, although Tyk2 activathe ␤c chain is necessary for its activation [43] (Fig. 2) . Single mutation of any of these tyrosine residues does not inflution also has been observed (see Table 1 ). In unstimulated cells, JAK2 is already bound through its N-terminal domain ence STAT activation by IL-3/IL-5/GM-CSF, suggesting a CSF-mediated proliferation and c-fos induction in BaF3 cells, although, in these cells also STAT-independent signalling pathways are blocked [39] . Moreover, inhibition of STAT5 activation in BaF3 cells with the use of dominant negative STAT5 significantly repressed IL-3-dependent growth [53] , although this effect was not observed in 32D3 cells [54] . This study also identified a number of STAT5 target genes that might be implicated in IL-3 function, including c-fos, pim-1, osm and cis ( Fig. 1 ) [53] [54] [55] . Finally, macrophages from STAT5A-deficient mice grew more slowly in the presence of GM-CSF compared with wild-type macrophages, and the expression of CIS and A1 was markedly inhibited in the cells derived from the knockout mouse [56] . Interestingly, induction of c-myc was not dependent on STAT5 [53] but rather seemed to depend on another JAK2- throid cells [60] . Similarly, evidence from studies with other cytokines suggests that STAT3 is likely to play a role in macrophage differentiation [61] [62] [63] , neutrophil differentiahigh degree of redundancy in the Y residues of ␤c [41, 43] .
tion [64] , osteoblast differentiation [65] and even early emIn contrast, Okuda et al. [50] recently showed that GM-CSF bryonic development [66] . A role for IL-3/IL-5/GM-CSFcan activate STAT5 in BaF3 cells expressing a ␤c chain induced STAT5 in myeloid differentiation remains to be with all of the cytoplasmic tyrosine residues mutated to phedemonstrated. However, recent studies have shown that nylalanine. In these cells, STAT activation might well be IL-3/IL-5/GM-CSF cytokines induce activation of C-termimediated by endogenous mouse ␤c, because the GM-CSF nally truncated forms of STAT5 (p77, p80) in immature receptor has been shown to exist in a pre-formed dimeric myeloid cell lines, whereas, in mature myeloid cell lines, complex [21] . Alternatively, STATs may well interact difull-length STAT5 is activated [67] [68] [69] (Table 1) . These rectly with JAK2, as was previously shown for cells overtruncated forms are generated by proteolytic cleavage [69] . expressing exogenous STATs [47, 51] .
In contrast, in the differentiation of primary CD34ϩ progeniSeveral studies have suggested that STAT5 might play a tor cells to eosinophils or neutrophils, there is a switch from role in proliferation induced by the IL-3/IL-5/GM-CSF re-IL-5/GM-CSF-activated wild-type STAT5 in undifferentiated ceptors. Mutations in the ␣ or ␤c chains that fail to support cells to p80 in the differentiated cells (manuscripts submitted). STAT induction are defective in IL-3/IL-5/GM-CSF-mediInterestingly, p77 and p80 have distinct DNA-binding properated proliferation [9, 10, 12, 15, 52]. Similarly, over-expression of dominant-negative JAK2 strongly inhibits GMties, whereas synthetic deletions equivalent to p77 and p80 be- have as dominant-negative regulators of STAT5-mediated was not observed in other studies [104] . Similarly, IL-3 can activate p38 in FDC-P2 cells [105] . p38 induction by GMtranscription in vitro (manuscript submitted) [53, 68, 85] . It is therefore likely that different target genes are regulated by CSF might be implicated in activation of cytosolic phospholipase A2 [103] . Activation of the third group of MAPKs, the STAT5/p80 in undifferentiated versus differentiated cells, suggesting a role for STAT5 in myeloid differentiation. However, JNK/SAPK kinases, by IL-3/IL-5/GM-CSF in TF1, BaF3, FDCP2 and MC/9 cells also has been reported [106] [107] [108] [109] [110] direct evidence that IL-3/IL-5/GM-CSF-induced STAT activity is causally involved in differentiation processes is currently (Fig 1) . The mechanism through which this pathway is activated is not completely clear. Y577 of the ␤c chain and lacking. Therefore, it would be very interesting to perform a detailed analysis of the differentiation of various haematopoie-JAK2 are likely to take part [106, 107, 110] , as does the cytoplasmic domain of the ␣ chain [106] . However, the role of tic lineages in STAT5A or 5B or even 5A/5B knockout mice.
Ras is unclear, because both ras-independent [106] and rasdependent [107] activation of this pathway were observed.
ACTIVATION OF MULTIPLE
SEK-1 might be involved upstream of JNK/SAPK activa-MAP KINASE SIGNALLING tion, because SEK1 phosphorylation is induced by IL-3 in PATHWAYS BY IL-3/IL-5/GM-CSF MC/9 cells [109] , whereas dominant-negative SEK1 partly The ERK1 and ERK2 members of the MAPK family have blocks JNK/SAPK activation by IL-5 [106] . However, IL-3 been shown to be activated by IL-3/IL-5/GM-CSF in multifails to activate SEK-1 in FDC-P2 cells [108] . Downstream ple primary cellular lineages and cell lines [22, [86] [87] [88] [89] [90] .
targets for JNK/SAPK might be transcription factors inAnalogous to ERK activation by growth factor receptors, volved in c-jun and c-fos regulation such as TCF, ATF2 and ERK activation by IL-3/IL-5/GM-CSF is expected to occur cJun, because dominant-negative SEK partly inhibits TREthrough activation of Ras and c-Raf. Indeed, IL-3/IL-5/GMand DSE-dependent transcription induced by IL-5 [106] . CSF cytokines rapidly induce activation of Ras [22, [89] [90] [91] [92] [93] Blocking JNK/SAPK activation with a serine/threonine/tyand c-Raf [22, [94] [95] [96] . Activation of this pathway will evenrosine phosphatase suggests that this pathway contributes to tually result in enhanced transcription of c-fos and c-jun IL-3-dependent growth but not survival [111] . However, [52, 91, 97] and might contribute to IL-3/IL-5/GM-CSFelucidation of the precise function of this pathway in priinduced proliferation (Fig. 1) [98] . A region between amino mary cells awaits the availability of specific pharmacological acid 544 and amino acid 763 in the cytoplasmic part of the inhibitors of its components. ␤c receptor takes part in the activation of this pathway [52, 97] . The adaptor protein Shc is likely to have a role in cou-ACTIVATION OF THE pling the receptor to the activation of this pathway. Shc is PHOSPHATIDYLINOSITOL rapidly phosphorylated on tyrosine residues after IL-3/IL-5/ 3-KINASE (PI3K) PATHWAY GM-CSF stimulation [23, 42, 97, 99] . Interestingly, overexpression of Shc potentiates ERK activation and the proThe lipid kinase PI3K, which generates the signalling molecule phosphatidyl-inositol 3,4,5-triphosphate, is involved liferative response to GM-CSF [99] . Shc directly binds to the phosphorylated Tyr 577 residue in the ␤c upon IL-3/ in the regulation of multiple cellular processes [112] . IL-3/ IL-5/GM-CSF rapidly activates PI3K in multiple cell types, IL-5/GM-CSF signalling [100] (Fig. 2) . After phosphorylation, Shc interacts with the Grb2 adaptor protein, which, an event dependent on tyrosine phosphorylation (Fig. 1) , [23, 89, 90, 97, [113] [114] [115] . Kinases that are downstream of in turn, interacts with mSOS, the nucleotide exchange factor for Ras [101] . Tyrosine 577 of the ␤c chain is essential PI3K are also activated by IL-3/IL-5/GM-CSF. Recently, PKB was shown to be rapidly activated by IL-3/IL-5/GMfor phosphorylation of Shc and the Shc-associated p140, as well as the interaction of Shc with Grb2 and ␤c [41, 50, 52, CSF in human granulocytes, a process dependent on PI3K [90, 116] . Similarly, IL-3 activates PKB/Akt activity in mul-99], whereas tyrosine 750 also seems to be involved in Shc phosphorylation [42] . These studies suggest the following tiple cell lines, a process thought to be involved in cellular survival [117, 118] . Similarly, the more downstream p70 S6 order of events in the activation of ERK2 by IL-3/IL-5/GM-CSF: Y577-Shc-Grb2/mSOS-Ras-Raf-MEK-ERK (Fig. 1) .
kinase also can be activated by IL-3 and GM-CSF [97, 119] . Interestingly, the blocking of IL-3-induced p70S6K in BaF3 However, alternative mechanisms also are likely to be involved, because mutation of Y577 did not block Raf-ERK cells by rapamycin partly inhibited IL-3-dependent [ 3 H]-thymidine incorporation, suggesting a role for this pathway activation and proliferation by GM-CSF in BaF3 cells [41] . The phosphatase SH-PTP2 (PTP-1D, SHP2, Syp) interacts in cellular proliferation [119] . The initiation of this pathway at the receptor level in not with Y612 [44, 102] or both Y577 and Y612 [52] of ␤c after IL-3/IL-5/GM-CSF stimulation (Fig. 2) . SH-PTP2 interacts yet completely clear. PI3K and p70 S6K activation in BaF3 cells is dependent on the same region of the ␤c chain that with Grb2-SOS in eosinophils and is involved in IL-5-induced ERK activation in these cells [44] .
is involved in Ras activation; it also depends on the cytoplasmic domain of the ␣ chain [97] . PI3K can interact with ERK1 and ERK2 are not the only MAPKs that are activated by IL-3/IL-5/GM-CSF. Activation of p38, a kinase the ␤c in vitro [37] . This interaction might be mediated by a novel adaptor protein (p80), which interacts with ␤c and involved in cellular responses to stress, by GM-CSF was observed in human neutrophils [103] (Fig. 1) , although this the p85 subunit of PI3K in IL-3/IL-5/GM-CSF stimulated cells [120] . Interestingly, this complex also contains the expression of bcl-2 or A1 block apoptosis induced by IL-3 withdrawal in cell lines [138] [139] [140] . Importantly, IL-5 treatSrc-family kinases Yes and Lyn, which themselves are activated by IL-3/IL-5/GM-CSF [113, 120, 121] . Recently, it ment of primary eosinophils results in a significant increase in bcl-2 expression, which is a prerequisite for IL-5-mediwas shown that Lyn is likely to be the kinase responsible for the activation of PI3K in response to GM-CSF [115] . Clonated survival, as demonstrated by anti-sense olignucleotide experiments [141] . In addition, IL-3-induced Bcl-2 phosing of p80 and further characterisation of its binding partners will be necessary to elucidate the precise mechanism by phorylation on serine 70 contributes to survival, because which IL-3/IL-5/GM-CSF cytokines activate the PI3K Bcl-2 (serine 70-alanine) is unable to support IL-3-indepathway. Another mechanism by which PI3K can be actipendent survival [139] . vated includes tyrosine phosphorylation of the p120 Cbl
The aforedescribed studies suggest that IL-3-induced Rasprotein, which was recently observed for IL-3 and GM-CSF Raf-ERK-Bcl2 activation plays an important role in cellular [122] [123] [124] . Interestingly, Cbl forms a stable complex with survival ( Fig. 1) . However, recent reports have shown that the adaptor proteins Grb2, Crk and Shc [122] [123] [124] [125] . More this might be an over-simplification. Gotoh et al. [142] importantly, PI3K also can be observed in this complex showed Ras-ERK-independent pathways also can mediate [123, 126] 
IL-3/IL-5/GM-CSF RECEPTOR SIGNALLING
to activate Ras-ERK but still enhance c-myc expression, showed resistance to apoptosis. Similarly, mutation of Y750 It is well understood that one of the major functions of IL-3/ IL-5/GM-CSF cytokines is the inhibition of apoptosis in in the ␤c chain results in a decrease in Shc phosphorylation accompanied by a decrease in GM-CSF-induced survival their target cells, both in mature blood cells and in early progenitors [127] . However, the signalling pathways utilised [42] . However, Shc phosphorylation is not absolutely required for GM-CSF-mediated survival, because a ␤c mutant by IL-3/IL-5/GM-CSF to overcome death signals have only recently started to become evident. The first molecular apunable to induce Shc phosphorylation is still able to support survival of BaF3 cells [50] . Others have also hinted at the proach to tackle this problem was taken by Kinoshita et al. [128] , who showed that deletion of the cytoplasmic tail of role of ERK-independent pathways in survival. An activated form of the R-Ras protein, Q87L, was shown to suppress cell the ␤c chain down to amino acid 544 completely inhibited cellular survival by GM-CSF in BaF3 cells. This deletion death in IL-3-starved BaF3 cells in a manner dependent on the presence of serum IGF-I [143] . Interestingly, this effect includes the region of the ␤c chain involved in activation of the Ras-ERK pathway. Moreover, over-expression of an could be blocked not only with the MEK-MAPK inhibitor PD98059, but also with the PI3K inhibitors LY294002 and activated Ras Val12 in cells containing the ␤c 544 mutant could overcome the defect in GM-CSF-or IL-3-induced wortmannin, suggesting that the PI3K pathway also contributes to survival. Indeed, R-Ras was previously reported survival, further stressing the importance of Ras signalling in survival [18, 129] , although this effect might also be meto activate PI3K [144] . Similarly, the apoptosis-suppressing effect of another Ras mutant (G12V/V45E) in BaF3 cells diated by PI3K. Similarly, over-expression of oncogenic Raf, a downstream target of Ras, also suppressed apoptosis induced by could be overcome by PI3K inhibitors or by the inhibition of p70S6K by rapamycin [131] . Blocking the PI3K/p70S6K IL-3 withdrawal in 32D3 and BaF3 cells [130, 131] , and inhibition of ERK activation with a dominant-negative MAPKK pathways in other cell types also hints at the involvement of these kinases in survival [145] . Recent advances in the elusuppresses IL-3-dependent survival in BaF3 cells [132] . A role for ERK in eosinophil survival was also suggested by studies cidation of this signalling pathway indicated that the PKB/Akt kinase, which lies downstream of PI3K, is involved in cell surshowing that activation of the tyrosine phosphatase SHPTP2/ SHP2 by IL-5 is necessary for both ERK2 activation as well vival in multiple cellular systems [146] . Indeed, over-expression of active PKB/Akt results in IL-3-independent survival as IL-5-mediated survival [44] . Similarly, activation of the Src-like kinase Lyn, which is thought to act upstream of the of 32D3 and BaF3 cells and promotes the expression of the anti-apoptotic c-myc and bcl-2 genes [117, 147] (Fig. 1) . Ras-ERK pathway [22] , is necessary for survival in IL-5-or GM-CSF-treated eosinophils and neutrophils [31, 32] .
Moreover, apoptosis after IL-3 withdrawal is accelerated by a kinase-dead mutant of PKB/Akt with dominant-negative The targets important for cellular survival induced by IL-3/IL-5/GM-CSF seem to be proteins of the anti-apopproperties [117] . A major target for PKB/Akt in survival was shown to be the pro-apoptotic bcl-2 family member BAD. totic bcl-2 gene family (Fig. 1) . Expression of bcl-2 and bcl-x is rapidly induced by IL-3 or activated Ras in multiple cell PKB phosphorylates BAD at the same residues that are phosphorylated in response to IL-3, thereby blocking its pro-apoptypes [128, [133] [134] [135] . Similarly, GM-CSF induces the expression of A1, a novel haemopoietic-specific homologue of totic activity [118, 148] (Fig. 1) .
Although the aforedescribed studies clearly show that Bcl-2 [136] . Jak2 activation by these cytokines seems to be involved in the induction of Bcl2 [137] . Interestingly, overboth the Ras-ERK and the PI3K-PKB pathways can have roles in cellular survival, depending on the cell type studied, ability of specific inhibitors of the MAPK and PI3K pathways will undoubtedly be of great help in determining the a number of questions remain unanswered. It would be important to test whether Y239/240 of Shc, which can induce roles of these pathways in various cellular effector functions regulated by IL-3/IL-5/GM-CSF. c-myc and signal to survival, are implicated in the activation of the PI3K-PKB pathway. The observation that PI3K can interact with Shc in chronic myelogeneous leukaemia TURNING OFF THE cells suggests that this might well be the case [149] . Because SIGNAL OF PHOSPHATASES AND most of the work was performed in cell lines, it is extremely STAT-INDUCED STAT REPRESSORS important to test the relative contribution of the different signalling pathways to cellular survival by using specific Continuous activation of the aforedescribed signalling pathpharmacological inhibitors in primary target cells such as ways would lead to cytokine-independent growth of the target eosinophils and neutrophils. However, the up-regulation of cells [158] . Therefore, feedback mechanisms exist to ensure a anti-apoptotic proteins (Bcl-2 and c-Myc) and the downtransient response to the IL-3/IL-5/GM-CSF cytokines. The regulation of pro-apoptotic proteins (BAD) are clearly intyrosine phosphatase HCP (also called PTP1C, SHPTP1, volved in survival, disregarding their upstream regulators.
SHP or SHP1) appears to be a major player in this process. Increased levels of HCP lead to a reduction of the level of ␤c phosphorylation as well as the suppression of IL-3-dependent CELLULAR EFFECTOR FUNCTIONS cell growth, whereas reduced HCP levels produce the opposite effect [159, 160] . After ligand binding, HCP specifically associAs heretofore described, most of the work on IL-3/IL-5/ ates with the ␤c chain, probably at Y612 [102, 159, 160 ] GM-CSF signalling has focussed on the regulation of prolif- (Fig. 1) . The role for HCP in the down-regulation of IL-3/ eration, differentiation and cellular survival by these cyto-IL-5/GM-CSF signalling might explain the dramatic haematokines. It is widely acknowledged that IL-3/IL-5/GM-CSF repoietic abnormalities observed in HCP mutant (moth-eaten) ceptors also modify various effector functions in myeloid mice, which die soon after birth owing to over-proliferation cells, such as cellular migration and respiratory burst in granuland accumulation of macrophages in the lung [161] [162] [163] . ocytes. Pre-incubation of neutrophils or eosinophils with IL-3/IL-5/GM-CSF strongly enhances effector functions Other phosphatases also have been implicated in IL-3/ IL-5/GM-CSF signalling. SHPTP2 also interacts with Y612 regulated by other stimuli, such as FMLP, a phenomenon known as "priming" [150] . However, studies on the molecuof the activated ␤c chain, whereas this residue is a good substrate for SHP2 in vitro [89] . However, the precise role of lar mechanisms by which these effector functions are regulated by IL-3/IL-5/GM-CSF receptors are relatively sparse.
SHP2 in IL-3/IL-5/GM-CSF signalling remains to be determined, because it also seems to play a positive role in IL-3/ A role for ERK activation by IL-3/IL-5/GM-CSF in neutrophil effector functions was suggested [151, 152] . However, IL-5/GM-CSF signalling, coupling the receptor to Grb2 and PI3K [44, 164] . Recently, a number of different inositol blocking ERK activation with PD098059 showed that ERK does not have a role in GM-CSF-primed neutrophil respiphosphatases, including SHIP and pp135, were implicated in the negative regulation of IL-3/IL-5/GM-CSF signalling ratory burst or migration [89] , analogous to the observation that IL-8-induced ERK activation does not play a role in [110, 165, 166] . However, the exact contribution of this class of phosphatases to IL-3/IL-5/GM-CSF signalling reneutrophil migration [153] . In contrast, IL-3/IL-5/GM-CSF-induced Erk activation might play a role in phospholimains to be determined. A novel mechanism of terminating IL-3/IL-5/GM-CSF pase A2-mediated release of the lipid mediator PAF [89] and granule secretion [154] .
signalling was demonstrated by Yoshimura et al. [167] . They cloned the cytokine-inducible gene named cis (cytokine inThe role of the PI3K pathway in cellular effector functions has been more widely studied. FMLP-induced respiraducible SH2-containing protein). CIS is rapidly and transiently induced by various cytokines including IL-3 and GMtory burst in neutrophils is dependent on PI3K, as was demonstrated by using the PI3K inhibitors wortmannin and CSF. Interestingly, CIS binds stably to the tyrosine phosphorylated ␤c chain [167] . CIS is thought to be a negative reg-LY294002 [154] [155] [156] . Recently, priming and activation of the PI3K pathway by GM-CSF were shown to take part in ulator of IL-3/IL-5/GM-CSF signalling, because over-expression of CIS represses IL-3-dependent growth [167] , oncostatin the activation of the respiratory burst and chemokinesis by GM-CSF in neutrophils [89] and eosinophils [90] . One of M induction and STAT5 activation [168] . CIS is up-regulated by a STAT5-dependent mechanism (Fig. 1) , because BaF3 the targets of PI3K in the activation of the respiratory burst may be p47phox, which is thought to play a major role in cells over-expressing dominant-negative STAT5 fail to induce CIS in response to IL-3 [53] . Moreover, in bone marthe activation of the NADPH oxidase complex. Interestingly, wortmannin blocks FMLP-induced p47phox phosrow-derived macrophages from STAT5A-deficient mice, CIS induction by GM-CSF was markedly inhibited [56] . Inphorylation [156] . Moreover, over-expression of active PI3K in the monoblastic phagocyte cell line GM-1 caused deed, the cis promoter contains four STAT binding sites that are activated by STAT5 [168] . Recently, it was shown constitutive phosphorylation of p47phox [157] . However, clarification of the precise mechanism of respiratory burst that CIS is a member of a large family. Three CIS-related SOCS genes (suppresser of cytokine signalling) that also are activation in granulocytes awaits further study. The avail-
